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INTRODUCTION  -  SCIENTIFIC  OBJECTIVES 


The  need  foe  a  reliable  kinetic  data  base  on  reactions 
of  refractory  metal  atoms,  metal  oxide  radicals  and  metal 
halide  radicals*  for  various  aspects  of  solid  and  air 
breathing  rocket  development  has  frequently  been  expressed, 
e.g.  Ref.  1.  To  provide  such  data  for  metal  atoms,  one  of 
us  (AF)  previously  developed  the  HTFFR  (High-Temperature 
Fast-Flow  Reactor)  technique, 2 ~4  which  is  uniquely  useful 
for  measuring  rate  coefficients  and  their  temperature 
dependence  within  the  temperature  range  of  approximately 
300  -  1900  K.  Some  data  on  a  metal  oxide  radical,  A10,  were 
also  obtained  through  the  convenient  expedient  of  observing 
the  two-step  oxidation  of  A1  atoms  with  the  same  oxidiser. 
However,  the  need  for  more  systematic  means  of  studying 
reactions  of  metal  radicals  in  HTFFRs  was  obvious4.  The 
visit,  during  the  grant  year,  of  AF  to  the  laboratory  of  the 
other  of  us  (MAAC),  with  its  state-of-the-art  equipment  for 
laser-induced  fluorescence  (LIF)  detection  of  free  radicals, 
presented  a  natural  opportunity  for  such  more  systematic  ex¬ 
ploration.  LIF  currently  represents  the  most  sensitive 
technique  for  monitoring  of  such  radicals.  Consequently, 
the  objectives  for  this  program  were  to  make  a  kinetic  study 
of  a  reaction  of  a  refractory  oxide  radical  (BO  +  02  BO2  +  0) 


*The  word  "metal"  is  used  here  in  its  propulsion  technology 
sense,  thus  specifically  including  B,  which  is  not  a 
metallic  element  in  the  usual  physico-chemical  sense. 
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and  to  explore  means  for  future  kinetic  studies  of 
refractory  radical  species  of  significance  to  Air  Force 
development  programs. 

II.  BIBLIOGRAPHY  OF  PUBLICATIONS 


The  present  one  year  effort  has  resulted  in  the 

following  publication  (Appendix  A  of  this  report) : 

I.  P.  Llewellyn,  A.  Fontijn  and  M.  A.  A.  Clyne, 
"Kinetics  of  the  Reaction  BO  +  O2  ♦  BO2  +  0", 

Chemical  Physics  Letters,  in  press. 

"The  reaction  of  BCI3  +  N  +  0  was  used  to  produce 
BO  X2I  +  radicals  for  study  in  a  fast-flow  reactor. 
Laser-induced  fluorescence  was  used  to  follow  the 
BO  x2l  +  radicals.  The  feasibility  of  kinetic  studies 
on  these  radicals  was  demonstrated  through  a  kinetic 
study  of  the  BO  +  O2  reaction,  giving  a  rate 

+4.7 

coefficient  k,  equal  to  ({4.4  )  x  10“12  cmJ 

1  -3.2 

molecule-1  s~l  at  295  K." 


Additionally  considerable  progress  was  made  in  the  pre¬ 
paration  of  a  book  chapter  which  discusses  the  status  of 
theory,  experiments  and  predictive  ability  on  the  influence 
of  temperature  on  rate  coefficients  of  bimolecular 
reactions.  The  type  of  metal  and  metal  radical  reactions  of 
interest  to  the  Air  Force  form  an  important  subset  of  the 
reactions  discussed.  This  chapter  and  book  are  scheduled 
for  publication  in  late  1982.  The  reference  will  be: 

A.  Fontijn  and  R.  Zellner,  "Influence  of  Temperature  on 
Rate  Coefficients  of  Bimolecular  Reactions"  in 
Reactions  of  Small  Transient  Species  (M.  A.  A.  Clyne 
and  A.  fe’ontijn,  Eds.),  Academic  Press,  London,  Chap. 2. 
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"Kinetic  studies  in  recent  years  covering  wide 
temperature  ranges,  have  shown  that  the  traditional  expec¬ 
tations  of  near-Arrhenius  behaviour,  k  *  A  T  exp(-Ea/RT), 
are  often  unwarranted.  Available  data  are  reviewed  in  the 
light  of  current  theoretical  and  semi-empirical  understanding. 


III.  DISCUSSION 

The  major  complete  results  of  the  present  work  are 
given  in  a  publication  (Appendix  A) .  In  addition  to 
providing  an  important  rate  coeff icdfcent,  this  work  has 
demonstrated  the  practicality  of  a  chemical  production 
method  for  a  highly  refractory  oxide  species  (BO) , 
compatible  with  its  subsequent  kinetic  studies  in  a 
fast-flow  reactor.  This  demonstration  was  made  for  one 
species  using  a  room  temperature  reactor.  The  two  obvious 
questions  raised  for  future  work  thus  are: 

(i)  what  is  the  temperature  range  for  which  this  type 
of  approach  can  be  used,  and 
(ii)  how  can  other  radicals  similarly  be  studied? 

A.  Temperature  range 

Figure  1  shows  a  simple  means  for  extending  the 
temperature  range  of  the  studies.  Compared  to  the  work  of 
Appendix  A,  the  Pyrex  reactor  has  been  replaced  by  a  ceramic 
reactor,  surrounded  by  a  high  temperature  furnace.  At  the 
upstream  end  the  free  radical  species  (MeX)  flows  in  from  a 

A 

preparation  line,  which  for  BO  would  be  identical  to  that  of  / 
the  present  work.  Any  desired  oxidant  O2,  CO2,  NO2,  HC1,  / 

j. 

etc.  can  be  introduced,  generally  independent  of  the  MeX  / 


production  method.  An  HTFFR  based  on  this  model  was 
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designed,  constructed  and  tested  during  the  course  of  the 
grant,  but  insufficient  time  was  available  to  study  the 
BO/O2  reaction  in  this  apparatus.  The  reaction  tube  and  BO 
inlet  were  made  from  impervious  mullite  (Morgan  Refractories 
Ltd.)  and  the  three-zone  furnace  was  made  of  Kanthal-A 
elements  (Bulten-Kanthal  AB)  surrounded  by  Triton  blanket 
and  board  insulating  material  (Morgan  Refractories  Ltd.). 

This  combination  of  materials  allows  work  up  to  about  1500 
K.  The  observation  fluorescence  cell  was  replaced  outside 
the  heated  zone.  This  was  done  to  facilitate  joining  of  the 
reactor  to  existing  laser-induced  fluorescence  apparatus  at 
Queen  Mary  College,  not  because  of  a  principal  advantage.  A 
previously  used3'4  modular  HTFFR  is  shown  in  Figure  2.  It 
is  obvious  that  the  "source  section"  of  that  reactor  can  be 
removed  and  the  reactor  section  joined  to  a  preparation  line 
as  in  Figure  1,  resulting  in  a  constant  high  temperature 
zone  including  the  observation  region. 

Thus  there  appears  to  be  no  reason  in  principle  why  the 
metal  radical  work  could  not  be  extended  over  the  full 
temperature  range  of  some  previous  HTPPR  work  (300  -  1900  K)3'4. 
The  choice  of  apparatus  design  will  depend  on  the  radical  of 
interest,  as  will  be  discussed  now. 

B.  Production  and  monitoring  of  further  radical  species 

The  traditional  way  of  producing  metal  oxide  and  halide 
radical  species  is  by  evaporation  of  inorganic  compounds5 . 

This  approach  could  be  practised  with  an  original3'4  modular 
HTPPR,  Pigure  2,  in  which  the  vaporizer  contains  the 
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inorganic  parent  compound.  Thus,  SnO  can  be  produced  by 
dissociative  evaporation  of  Sn02,  or  else  from  Sn/Sn02 
mixtures  where  the  Sn  acts  as  a  reducing  agent;  these 
methods  can  be  used  at  about  1400  K<6).  Such  vaporization 
methods  are  in  principle  similar  to  those  used  in  metal  atom 
HTFPR  work3'4. 

A  number  of  methods  for  refractory  radical  production 
have  been  developed  in  recent  years  in  the  area  of 
preparative  metal-organic  chemistry.  These  can  best  be 
utilized  with  a  preparation  line  approach.  Figure  1.  They 
can  be  divided  into  two  groups:  gas-solid  reactions  and 
pyrolysis5  '7  .  An  example  of  the  former  is  the  production  of 
BF  by  passage  of  BF3  through  solid  B  granules  at  »  2000  K, 
and  one  of  the  latter  is  the  production  of  BC1  by  passing 
B2CI4  through  a  quartz  tube  at  -  1300  K  (also  yielding 
BCI3 ) .  In  HTFFR  studies  it  is  of  course  necessary  to 
ascertain  that  the  other  species  present,  BF3  and  BCI3  in 
these  examples,  do  not  interfere  with  the  reactions  studied, 
which  is  in  general  not  likely  for  such  thermally  rather 
stable  compounds.  These  groups  of  methods  can  be  expanded 
by  the  use  of  laser  photolysis,  a  method  apparently  not  yet 
used  in  studies  of  reactions  of  inorganic  free  radicals,  but 
one  for  which  the  basic  technology  has  reached  a  high  degree 
of  development  in  recent  years8'9. 

It  is  important  to  note  that  neither  the  literature  on 
evaporative,  nor  on  the  preparative,  methods  appears  to 
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contain  any  information  on  the  production  of  BO,  the  species 
investigated  experimentally  in  the  current  study  (Appendix 
A) .  Only  B2O2  could  be  produced  in  metal-organic  synthesis 
work7  .  The  discharge-flow  reaction  method  developed  here 
for  BO,  i.e.  reacting  BCI3  with  a  flow  of  N/0/N2,  was 
attempted  on  the  basis  of  observations  that  BO  emission 
spectra  can  be  produced  in  the  reaction  of  SCI3  with  active 
nitrogen  containing  traces  of  oxygen10,  while  the  reaction 
of  BCI3  with  O/O2  mixtures  only  appears  to  produce  BO2.11 
For  many  radicals  such  emission  spectroscopic  observations10 
could  be  adapted  to  discharge-flow  methods  for  production  of 
their  respective  ground  states.  Often  the  yields  will  be 
very  low,  as  was  found  to  be  the  case  for  BO.  However, 
coupled  with  the  extremely  sensitive  monitoring  method, 
which  is  LIF,  low  radical  concentrations  need  not  be  a 
drawback. 

In  the  above  we  have  emphasised  the  preparation  and 
monitoring  of  diatomic  radicals.  However,  triatomic 
radicals  can  be  produced  by  similar  methods  and  again  LIF 
offers  currently  the  most  sensitive  detection  technique. 

For  these  larger  species  there  is  currently  less  information 
available  from  earlier  work.  That  this  situation  is 
changing  may  be  illustrated  from  the  above  mentioned  BO2 
studies11  and  the  recent  work  by  Hirota12  on  B0C1. 

IV.  CONCLUSIONS 

In  this  work  the  practicality  of  producing  a  highly 
refractory  free  radical  species,  BO,  by  a  preparation  line 
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method  has  been  demonstrated  and  k.netic  data  on  its 
reaction  with  O2  have  been  obtained.  The  technical 
possibilities  for  more  extensive  studies  of  rate 
coefficients,  and  their  temperature  dependence,  for 
refractory  radical  species  of  Air  Force  interest  are  highly 
promising.  A  large  variety  of  radical  production  methods 
can  be  combined  with  HTFFR  methodology  and  laser-induced 
fluorescence  monitoring  to  achieve  this  goal. 
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Schematic  of  a  modular  HTFFR  with  a  high  temperature  source  section 
for  evaporative  introduction  of  metal  radicals  or  atoms. 
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Introduction  on  this  radical,  we  present  kinetic  data  for  the  reaction 


I 

X 


0> 

c 


E 

u 

0> 

X 

4' 

b 

£ 


I 


O' 

c 


O' 

C 


1 


>s 

V 

4 


CD 

4 


S 

CD 

■M 

<= 


E  £ 


0* 

e 


t 

t 


t 

~8 


Cf 

# 


O' 

c 


*6 

o 


a 

g 


? 

£ 


T 

C 

« 


4 

C 

w 

a 


«H  0  ~ 


a 

•H 

X 


0 

ft. 

f 


*e 

c 

8 


0) 

k 

£ 

4 

K 

01 

•o 


c 

& 


•c 

o 

X 


& 

0) 


0) 

c 

c 

e 

f 


& 


u 

X) 

X 


-‘SC 
•  CO 

C  X 

G.  X  X 

•>  CD  «H 


x  e 

c  c 

0>  n 

o  x 


£ 

£ 


W 

N 

X 

I 


O  X 

m  c 

4>  *H 

W  0> 


O’ 

5 


« 

t 


0 

2 

o 


a 

0 

c 


1 

E 


O' 

O’ 

c 


O' 

0 

z 


i  S 


X 

c 


•c 

T 

0 


Cl-  O  — * 


*0 

o 

c 


*c 

c 

CD 


0 

X 


X 

u 

c 

o 


o 

«w 

0 


X 

0 


*c 

0 


er 

c 


o 

X 

£ 

•O 


0 

€ 


4 

C 


«N  0)  %-• 


O' 

o 


E  5  §•  £  - 


tD  X 


* 


•c 

0 


& 

c 


•0 

£ 

> 


o> 

o> 


€ 

*■ 


o 

X 


5  •—  B 


X  01 

*  s 


*o 

c 

X 

y 

o 

X 

4 


*C 

1 


u 

B 

4 


O 

2 


*0 

CD 


I 

X 

V 


CD 

V 

X 

*0 


*0 

0 


a 

c 


t>  tw 

#  0 


K 
O 
• 

•  B 

CO 


¥ 

» 

S 


R  * 

0  flD 


i  * 
i  S 


O' 

B  m 

s  s 


X 

& 


x  © 


o 

I hi 

o 


0 

fi 


8 

£ 


I 

e 


1 

2 


g  f  *  £  -  t 

&  *x  O'  H 


4 

X 


o 

e  x 

•pc  B 


5  i 


¥ 

S 


§  £ 
£  £ 

i  ! 


O' 

c 


2 

X 


4 


1  * 
I  1 


f 


1b  the  absence  of  Oj.  Under  the  conditions  used  (see  Table  I),  the  flow 


kxuami 


?  Si  flow  at  flow  7<b  t  foil  r°30(c  * 

(^rr)a)  Cca3(STP)*“l)  (cm3 (STP)*"1 )  (a  j~1)  (am)  (1012  ca“3)  (arbitrary  units)  (10*12  ca3  R 


2. a 

16 

67 

39 

2.2 

0.6 

- 

20 

0. 18 

3.9 

-0.96 

2.7 

16 

67 

90 

3.  1 

3 

- 

34 

0.20 

9.6 

-0.99 

2.) 

16 

33 

50 

5.5 

1 

- 

14 

0.23 

1.1 

-0.99 

2.9 

16 

67 

87 

2.9 

a 

- 

21 

0.23 

3.7 

-0.90 

2.8 

16 

33 

S3 

5.5 

7 

- 

13 

0.40 

0.7 

-0.97 

2.8 

16 

33 

53 

5.9 

5 

• 

22 

0.43 

4.3 

-0.98 

2.8 

16 

33 

S3 

6.1 

3 

- 

40 

0.54 

1.8 

-0.94 

2.8 

16 

33 

S3 

4.8 

2 

- 

40 

0.62 

1.5 

-0.98 

2.7 

15 

18 

37 

7.0 

3 

• 

40 

0.46 

0.7 

-0.86 

2.8 

15 

18 

35 

9.  1 

2 

- 

50 

1.0 

1.5 

-0.98 

2.8 

27 

18 

51 

6.0 

■  4 

• 

50 

1.0 

7.4 

-0.81 

2.6 

27 

18 

52 

5.2 

4 

- 

25 

0.30 

7.5 

-0.98 

2.6 

27 

18 

52 

4.8 

2 

- 

23 

0.41 

3.7 

-0.99 

2.  S 

27 

18 

S3 

4.3 

2 

- 

30 

0.39 

10.6 

-0.96 

2.7 

28 

35 

69 

3.5 

0.7 

- 

4 

0.12 

9.3 

-0.95 

1.9 

22 

18 

65 

3.7 

2 

- 

20 

0.20 

7.7 

-0.99 

2.0 

22 

18 

60 

5.3 

0.7 

- 

4 

0.14 

3.6 

-0.93 

4.1 

22 

18 

30 

9.3 

2 

- 

12 

0.23 

1.9 

-0.91 

4.0 

22 

18 

30 

7.9 

2 

- 

20 

0. 12 

5.0 

-0.94 

4.  1 

22 

18 

30 

6.7  . 

4 

- 

40 

0.13 

5.6 

-0.90 

S.S 

22 

96 

64 

1.2 

1 

- 

20 

0.29 

2.2 

-0.96 

s.s 

22 

96 

64 

3.6 

2 

- 

13 

0.64 

2.0 

-0.99 

5.5 

22 

96 

65 

2.9 

1 

- 

17 

0.89 

1.0 

-0.89 

